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We investigate quintessene osmologies with a matter omponent onsisting of partiles with an
inreasing mass. While negligible in early osmology, the appearane of a growing matter omponent
has stopped the evolution of the osmon eld at a redshift around six. In turn, this has triggered
the aelerated expansion of the Universe. We propose to assoiate growing matter with neutrinos.
Then the presently observed dark energy density and its equation of state are determined by the
neutrino mass.
Growing observational evidene indiates a homoge-
neous, at most slowly evolving dark energy density that
drives an aelerated expansion of the universe sine
about six billion years [1, 2℄. The origin of dark energy is
unknown, be it a osmologial onstant [3℄, a dynamial
dark energy due to a salar eld (quintessene) [4, 5℄, a
modiation of gravity [6℄, or something still unexpeted.
A pressing question arises: why has the osmologial a-
eleration set in only in the rather reent osmologial
past? Within quintessene models we need to explain
a transition from the matter dominated Universe to a
salar eld dominated Universe at a redshift z ≃ 0.5.
A similar rossover has happened earlier in the osmo-
logial history, namely the transition from radiation dom-
ination to matter domination. This rossover is bound
to happen at some time sine the dilution of the energy
density with inreasing sale fator a obeys ρr ∝ a−4 for
radiation and ρc ∝ a−3 for old dark matter. At some
moment matter must win. We suggest in this Letter that
the presently observed rossover to a dark energy domi-
nated Universe is of a similar type.
We propose "Growing Matter", an unusual form of
matter whose energy density dereases slower than the
one of the usual old dark matter, or even inreases:
ρg ∝ a3(γ−2) , γ > 1 . (1)
This may be realized by partiles whose mass inreases
with time. In presene of both old dark matter and
growing matter a rossover to a new epoh is then ne-
essary at some moment. In our model this transition is
witnessed now. Similar as for the radiation-matter tran-
sition the time for the rossover is set by the mass and
abundane of the growing matter partiles. We also spe-
ulate that growing matter onsists of neutrinos. In this
ase the abundane is omputable and the rossover time
is determined by the value of the average neutrino mass
mν . Moreover, the relation between the laboratory value
mν(t0) (for our present osmologial time t0) and the
old dark matter density ρc at the time of the rossover
only depends on dimensionless ouplings of our model.
The appearane of a substantial growing matter om-
ponent strongly inuenes the dynamial behaviour of
the salar eld responsible for quintessene, the osmon.
Indeed, the possibility of a time evolution of the mass
requires a time evolution of this osmologial salar eld.
In our model the mass of the partiles of the growing
omponent obeys:
mg(φ) = m¯ge
−β φ
M
(2)
with M ≡ 1/√8piGN the redued Plank mass and m¯g
a onstant. For β < 0 an inrease in φ will indue an
inreasing mass.
In turn, the growing matter energy density ρg inu-
enes the evolution of the osmon. Our approah is a
model of "Coupled Quintessene" [7, 8℄. For a homoge-
neous osmon eld the eld equation [9℄:
φ¨+ 3Hφ˙ = −∂V
∂φ
+
β
M
ρg (3)
ontains a "fore" ∝ ρg that will ounterat an inrease
of φ one βρg is omparable to ∂V/∂φ . In our model,
this eet will eventually dramatially slow down further
evolution of the osmon. For an almost stati φ(t) the
osmon potential V (φ) will then at similar to a osmo-
logial onstant. The expansion of the Universe therefore
aelerates soon after φ stops to move. The oupling be-
tween the growing matter and the salar eld ties the
time of onset of the aelerated expansion to the rossover
time when βρg beomes important. The solution of the
"why now" problem is thus linked to the properties of
growing matter. The mehanism we propose is similar to
the one presented in ref. [10℄; here however we suggest
to identify the oupled matter omponent with the neu-
trinos and we disuss the key role played by the growing
matter mass.
Let us speify our model. Besides gravity and the os-
mon eld, for whih we assume an exponential potential:
V (φ) = M4e−α
φ
M , (4)
osmology is determined by old dark matter with a stan-
dard equation of state p = 0, growing matter, baryons
and radiation. We denote the fration of homogeneous
2dark energy by Ωh, and similarly for old dark matter
and growing matter by Ωc and Ωg. The osmologially
relevant parameters of our model are the dimensionless
ouplings α and β (eqs. 2,4), as well as the energy den-
sity of growing matter at some initial time, e.g. ρg(teq)
(the initial density of old dark matter, ρc(teq), an be
translated to the present value of the Hubble parame-
ter H0 ). We assume a at Universe. The osmologial
equations are the standard ones, exept for the modied
energy-momentum onservation for growing matter [9℄:
ρ˙g + 3Hρg +
β
M
ρgφ˙ = 0 (5)
whih aounts for the exhange of energy between grow-
ing matter and the osmon [7, 9℄. In ase of neutrino
growing matter, eqs. (3) and (5) are modied by pres-
sure terms in early osmology.
For the radiation and the matter dominated epohs
in early osmology the osmon eld follows a "traker
solution" or "osmi attrator" with a onstant fration
of early dark energy [4℄:
Ωh,e =
n
α2
, (6)
where n = 3 (4) for matter (radiation). This intermediate
attrator guarantees that the initial onditions for the
salar eld are not ne-tuned. Observations require that
α is large, typially α ≥ 10 [11℄. In this "saling regime"
one has
φ = φ0 +
2M
α
ln
(
t
t0
)
,
V ∼ φ˙2 ∼ ρc ∼ t−2 ,
mg ∼ Ωg ∼ t2(γ−1) , ρg ∼ t2(γ−2) , (7)
γ = 1− β
α
.
The growing matter plays no role yet. Its relative weight
Ωg grows, however, for γ > 1 or β < 0 suh that growing
matter orresponds to an unstable diretion. The saling
regime ends one γΩg has reahed a value of order one.
The future of our Universe is desribed by a dier-
ent attrator [7, 8℄, where the salar eld and the grow-
ing matter dominate, while baryons and old dark mat-
ter beome negligible. The energy-momentum tensor for
ombined quintessene and growing matter is onserved
and we dene the equation of state (EOS) in the non-
relativisti regime:
w =
ph
ρh + ρg
. (8)
Notie that this is indeed the dark energy EOS measured
by eg. supernovae experiments sine the two oupled u-
ids behave at the bakground level as a single onserved
omponent.
For this future attrator the expansion of the Universe
aelerates aording to (γ > 3/2):
H(t) =
2γ
3
t−1 ,
w = −1 + 1
γ
, (9)
Ωh = 1− Ωg = 1− 1
γ
+
3
α2γ2
.
For large γ the total matter ontent of the Universe,
ΩM = Ωc + Ωb + Ωg, will be quite small in the future,
ΩM ≈ Ωg ≈ 1/γ. The presently observed value ΩM ≈
0.25 indiates then that we are now in the middle of the
transition from matter domination (ΩM ≈ 1 − 3/α2) to
a salar eld dominated osmology (ΩM ≈ 1/γ).
The limiting ase γ →∞ admits a partiularly simple
desription. In this ase we enounter a sudden transition
between the two osmi attrators at the time tc when
the two terms on the r.h.s. of eq. (3) have equal size,
namely for αV = −βρg or:
Ωg = Ωh/γ . (10)
While the osmon was evolving before this time, it sud-
denly stops at a value φc ≡ φ(t) at tc. Thus, for t ≥ tc
and large γ the osmology is almost the same as for a
Cosmologial Constant with value V (φc). On the other
hand, before tc standard CDM osmology is only mildly
modied by the presene of an early dark energy om-
ponent (6). For large enough α this ensures ompatibil-
ity with observations of CMB anisotropies and struture
formation. The redshift of the transition zc may be es-
timated by equating the potential V at the end of the
saling solution (7) to its present value. In terms of the
present dark energy fration Ωh,0 ≈ 0.75 it is given by:
H2(zc)
H20
=
2Ωh,0α
2
3
(11)
whose solution an be approximated as 1 + zc ≈
[2Ωh,0α
2/(3− 3Ωh,0)]1/3. In the numerial examples be-
low we will assume α = 10 and either γ = 5.2 or γ = 40.
Then we obtain numerially zc ≈ 6(5) for γ = 5.2(40).
Thus zc is large enough not to aet the present super-
novae observations. The large-γ-limit is therefore om-
patible with all present observations provided that α is
large enough. We plot the time evolution of the dierent
osmi omponents and the eetive equation of state for
the ombined osmon and growing matter omponents in
Fig. 1. For not too large α and γ our model diers from
ΛCDM, and we will ome bak below to the interesting
possibilities of observing these deviations.
So far we have made no assumptions about the on-
stituents of the growing matter omponent. It ould be
a heavy or superheavy massive partile, say with a mass
1TeV or 1016TeV. Then growing matter is non-relativisti
3at all epohs where it plays a role in osmology. In this
ase the initial value ρg(teq) has to be hosen suh that
the rossover ours in the present osmologial epoh.
Even more interesting, growing matter ould be assoi-
ated with neutrinos. In this ase our model shares er-
tain aspets with the "Mass Varying Neutrinos" senario
[12℄, although being muh loser to "standard" Coupled
Quintessene [8℄. Neutrino growing matter oers the in-
teresting perspetive that no new partiles (besides the
osmon and old dark matter) need to be introdued.
Furthermore, the present value of ρg an be omputed
from the reli neutrino abundane and the present (aver-
age) neutrino mass mν(t0) (assuming h = 0.72):
Ωg(t0) =
mν(t0)
16eV
. (12)
For large |β| the neutrino mass beomes rapidly very
small in the past suh that neutrinos annot aet the
early struture formation. The standard osmologial
bounds on the neutrino mass [2℄ do not apply.
For a given neutrino mass mν(t0) our model has only
two parameters, α and β (or α and γ). They will deter-
mine the present matter density ΩM (t0). Replaing γ by
ΩM (t0), our model has then only one more parameter,
α, as ompared to the ΛCDM model. For an analytial
estimate of the relation between ΩM (t0) = 1−Ωh(t0) and
mν(t0) we use the observation that the ratio Ωg/Ωh (av-
eraged) has already reahed today its asymptoti value
(9,10) :
Ωh(t0) =
[
γ
1− 3α2γ
− 1
]
mν(t0)
30.8h2eV
≈ γmν(t0)
16eV
. (13)
This important relation determines the present dark en-
ergy density by the neutrino mass and γ:
[ρh(t0)]
1/4
= 1.07
(
γmν(t0)
eV
)1/4
10−3eV. (14)
This value will hange very slowly in the future sine the
value γ = 5.22(800) for the maximal (minimal) neutrino
mass (no sterile neutrinos) mν(t0) = 2.3eV (0.015eV )
must indeed be large and w is therefore lose to −1, f.
Fig. 1. The late dark energy density is essentially deter-
mined as the neutrino energy density times γ. Its atual
value is given by the value of the salar potential at the
rossing time tc, i.e. 9M
2H2(tc)/2α
2
. Sine the equation
of state (8) is today already near the asymptoti value
(9), f. Fig. 1, we an relate it to the neutrino mass
(Ωh,0 ≈ 3/4) by eqs. (9,13)
w = −1 + mν(t0)
12eV
. (15)
This remarkable expression yields mν(t0) < 2.4eV for
w < −0.8.
How an our model based on growing matter be tested
and onstrained? First of all, the presene of early
dark energy manifests itself by the detailed peak loation
of the CMB anisotropies [13℄, the hange in the linear
growth of osmi strutures [14, 15℄, and the abundane
and properties of nonlinear strutures [16℄.
Seond, for not too large γ there would be a sizable
fration of growing matter today (for neutrino growing
matter this would require rather large neutrino masses).
Then the present matter density ρM = ρc+ρb+ρg diers
from the (resaled) matter density in the early Universe
ρc+ ρb. This may aet the mathing of the present val-
ues of ΩM and Ωb/ΩM obtained from supernovae, baryon
aousti osillations and lusters, with determinations
from the CMB at high redshift, through the value of teq
and the baryon ontent of the Universe at last sattering.
This eet is small for large values of γ (small neutrino
mass).
Third, growing matter an aet the formation of
strutures in the late stages. For very massive parti-
les, growing matter would onsist of relatively few par-
tiles whih have presumably fallen into the old dark
matter strutures formed in early osmology. For sales
smaller than the range of the osmon interation these
partiles feel a strong mutual attration, enhaned by a
fator (2β2 + 1) as ompared to gravity. This fore is
mediated by the osmon [7, 17℄. Thus, one a suient
Ωg is reahed, the growing matter strutures δρg grow
rapidly. They will inuene, in turn, the strutures in
baryons and old dark matter one the gravitational po-
tential of the growing matter strutures beomes ompa-
rable to the one of the old dark matter strutures. This
happens rather late, espeially for large γ sine growing
matter onstitutes only a small fration of the present
matter density in this ase.
The ondition for the onset of an enhaned growth of
δρg requires that the average osmon fore ∼ 2β2Ωg is
omparable to the average gravitational fore ∼ ΩM .
This happens rst at a redshift zeg somewhat larger
that the rossover zc (eq. 11). At this time the
saling solution is still valid, with ΩM ≈ 1 − 3/α2
and Ωg(z) = [(1 + zc)/(1 + z)]
3(γ−1) Ωg(zc), Ωg(zc) ≈
γΩV (zc) ≈ 3γ/(2α2), resulting in:
1 + zeg
1 + zc
=
{
3γ(γ − 1)2} 13(γ−1) . (16)
For large γ one nds zeg quite lose to zc suh that the en-
haned growth onerns only the very last growth epoh
before the aelerated expansion redues further linear
growth in the dark matter omponent. For heavy grow-
ing matter this results in an enhanement of σ8 as om-
pared to the ΛCDM model, whih may be ompensated
by a slower growth rate before zc due to early dark energy
[14, 15℄.
We notie that the utuation growth rate f ≡ d log δd log a
of the dominant form of matter an be estimated ana-
4lytially during both the saling phase and the future
attrator. During the rst phase the matter utuations
grow as [14℄
f1 =
1
4
(−1 +
√
24ΩM + 1) (17)
and are therefore slowed down with respet to the stan-
dard matter dominated rate; for large α the modiation
is small, f1 ≈ 1−9α−2/5. When the growing omponent
beomes dominant, its growth rate an be evaluated as
a funtion of α, γ that for α ≫ 1 and γ ≫ 1 redues to
f2 ≈ 1.04α√γ [8, 15℄. Sine in our model we are not yet
on the nal attrator the present growth rate of the dark
matter omponent will be quite smaller than f2. It is
interesting to remark that in priniple an estimate of f1
and f2 would ompletely x both parameters α, γ.
An enhaned growth of δρg onerns only strutures
with size smaller than the range lφ of the osmon-
mediated interation. In a osmologial situation we have
to solve, in priniple, the oupled system of linear utu-
ation equations in φ, ρg, ρc, et... For a rough estimate
of the (density dependent) osmon mass we onsider a
xed ρg,
m2φ = l
−2
φ =
∂2V
∂φ2
=
α2V
M2
. (18)
During the saling solution (7) the osmon range is given
by [7℄:
lφ(t) =
√
2
3
H−1(t) . (19)
After tc the evolution of φ essentially stops, resulting in
a onstant range lˆφ =
√
2/(3H(tc)).
A dierent regime of growth applies for l > lφ. A
window of adiabati utuations opens up in the range
lφ < l < H
−1
where the utuations of the oupled os-
mon uid and growing matter an be approximated as a
single uid. In this regime the enhaned growth is weak-
ened by the small range of the osmon interation.
Neutrino growing matter was relativisti in earlier
time, so that free streaming prevents lustering. For
β < 0 neutrinos have atually remained relativisti muh
longer than neutrinos with onstant mass. In the limit
of large γ one an estimate that the neutrinos are rela-
tivisti at a < aR where
aR ≈ (mν(t0)/Tν,0)−1/4 = 0.11
(
mν(t0)
1eV
)
−1/4
(20)
whih orresponds to zR ∈ (2−10) formν,0 ∈ (0.015−2.3)
(we use mν(aR) = Tν(aR), and approximate ρg ∼ const,
so that mν ∼ V a3, V ∼ const, Tν = Tν,0/a where Tν,0 is
the present neutrino temperature for massless neutrinos).
The growth of neutrino strutures only starts for z <
zR. Even then, neutrinos annot luster on sales smaller
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Figure 1: Cosmologial evolution for neutrino growing matter
for α = 10, β = −52 and mν,0 = 2.3eV. Panel a): density
frations Ωrad (blak, dots), Ωc (dark green, dot-dashes), Ωb
(blue, short dashes), Ωh (red, long dashes) , Ωg (light green,
solid). Panel b): blow out of panel a) near the present time.
Panel c): total equation of state weff ≡ ptot/ρtot (red, long
dashes); ombined EOS of osmon and neutrinos (blue, short
dashes); and EOS of osmon alone (green, solid). Panels a)−
c) remains almost idential for heavy growing matter. Panel
d): neutrino energy density (red, long dashes), neutrino mass
(green, solid) normalized to unity today. The dotted urve
represents the energy density of always non-relativisti heavy
growing matter.
5than their "free streaming sale" lfs . This sale is given
by the time when the neutrinos beome non-relativisti,
eq. (20), lose to H−1(aR) ≈ 200 (mν/1eV )3/8 h−1Mp
∈ (100− 1000) h−1Mp.
On the other hand, the range lφ of the eetive os-
mon interation inreases, eq. (19) until it reahes lˆφ.
For sales within the window lfs < l < lφ the neu-
trino lustering is strongly enhaned (for z < zeg) due
to the additional attrative fore mediated by osmon
exhange. This enhaned lustering starts rst for sales
lose to lfs . One may thus investigate the possible for-
mation of lumps with a harateristi sale around lfs.
For the range lφ < l < H
−1
one expets again an adia-
bati growth of the oupled neutrinos and osmon u-
tuations, approximated by a single uid. In summary, on
large sales l > lfs the neutrino utuations grow similar
to the heavy growing matter utuations. The growth
starts, however, only very late for z > zR and only from
a low level given by the tiny utuations in a relativisti
uid at zR. Furthermore, neutrino utuations with a
sale l < lfs are suppressed by free streaming.
In this ontext one may ask to what extent the loal
variations of the osmon eld φ aet the loal values of
the neutrino mass and therefore the relation of osmol-
ogy to the possible outome of laboratory experiments.
Suh variations in φ are indued by loal neutrino on-
entrations. For neutrino lumps the perturbations of φ
are of the order of β times the Newtonian potential Φ.
Thus one expets loal variations of the growing matter
mass of the order of ∆mg/mg ≈ β2Φ. In all observable
(non ompat) astrophysial objets one has Φ ≤ 10−4
and therefore it turns out that for β < 100 the spatial
variations of mg should not be very large. In partiu-
lar, we an safely identify the osmologial value of the
neutrino mass mν(t0) with the one measured on Earth.
A lose look at Fig. 1 shows osillations of Ωg, start-
ing around zc and being damped subsequently. Both the
osillation period and the damping time an be under-
stood in terms of the eigenvalues of the stability matrix
for small utuations around the future attrator solu-
tion [7, 8℄. We note, however, that the osillations on-
ern only the relative distribution between Ωg and Ωh,
while the sum Ωh +Ωg = 1−ΩM remains quite smooth.
A detetion of the osillations by investigations of the
bakground evolution, like supernovae, seems extremely
hard - the luminosity distane is a very smooth fun-
tion of z. For neutrino growing matter the osillations of
mν(t) around its average value indue an unertainty in
the estimate of the relation between Ωg(t0) and mν(t0)
(13) ranging from 25% for γ = 5.2 (mν(t0) = 2.3eV) to
100% for γ = 40 (mν(t0) = 0.3eV ). The relations (13-15)
all involve the averaged neutrino mass.
While for large enough γ and α the osmology seems
rather realisti, one may ask if our proposal for a res-
olution of the "why now" problem has not introdued
other unnaturally small parameters. Indeed, extrapolat-
ing the masses of the growing matter partiles bak to the
Plank time may result in extremely small masses if |β|
is large, given typial values φ(tPl) ≈ 0, αφ(t0)/M ≈ 276
(from eq. 7). However, we have explored here only the
simplest possibility of onstant α and β. It is well on-
eivable (and quite likely) that in a fundamental theory
α and β are funtions of φ. Slow hanges will not aet
our phenomenologial disussion whih only onerns a
rather small range of φ/M . In ontrast, extrapolations
bak to the Plank epoh or Ination ould look om-
pletely dierent. Our senario does not need a huge over-
all hange of the mass of the growing matter partiles.
For neutrinos a growth of the mass by a fator 107, or-
responding in the seesaw mehanism to a derease of the
right handed neutrino mass from M to 1011GeV , would
largely be suient, provided a fast hange happens dur-
ing reent osmology. We also have assumed here that
old dark matter has a negligible oupling to the osmon.
While the osmon oupling to baryons must be very small
in order to remain ompatible with the tests of General
Relativity, the oupling between old dark matter and
the osmon is only restrited by osmology [8℄ and needs
exploration in our ontext.
The most ruial observational issues an be under-
stood by onentrating on onstant parameters α, β (and
possibly a onstant osmon-old dark matter oupling).
It will be a hallenge to measure them or to falsify the
growing matter senario. For neutrino growing matter a
determination of α and β would x the neutrino mass,
allowing for an independent test of this hypothesis by
omparing with laboratory experiments.
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